Abstract Obstructive jaundice which is caused by bile duct obstruction can be clinically and biochemically indistinguishable from cholestatic jaundice caused by hepatocellular disease. The management of both these conditions being radically different, the principle task of the radiologist is to differentiate between hepatocellular and obstructive jaundice, using available imaging modality and help in further management. With the availability of non-invasive modality like computed tomography and magnetic resonance imaging (MRI), it is possible to diagnose obstructive jaundice early and accurately without any patient discomfort. The purpose of this article is to describe the protocol for evaluation of obstructive jaundice with use of MDCT and magnetic resonance cholangio pancreatography sequence of MRI and to describe the imaging features of the most common causes of obstructive jaundice like biliary calculi, bile duct strictures, choledochal cyst, gall bladder carcinoma, cholangiocarcinoma, primary sclerosing cholangitis, and pancreatic head carcinoma.
Introduction
Obstructive jaundice is a type of jaundice in which there is blockage of flow of bile from the liver to the intestine resulting in redirection of excess bile and its by products like bilirubin into the blood. It can lead to complications like ascending cholangitis, hepatorenal syndrome, and malabsorbtion and hence requires urgent surgical intervention. The role of radiologist therefore is important in early diagnosis and in accurately delineating the level and the cause of obstruction, thus helping in staging as well as preoperative assessment of tumor respectability.
For long, Endoscopic Retrograde Cholangio Pancreatography (ERCP) was the standard established procedure for evaluation of patients with obstructive jaundice. However, being an invasive procedure, it has an inherent complication rate of 3-9 % and mortality rate of 0.2-0.5 % [1] . Due to significant advances in cross-sectional imaging, in particular the advent of magnetic resonance cholangio pancreatography (MRCP), ERCP currently has an almost exclusively therapeutic role.
Endoscopic Ultrasound (EUS), an adjunct procedure to ERCP, can be used to detect small distal biliary ductal calculi, for local staging of periampullary neoplasm and for guided fine-needle aspiration.
Ultrasonography (USG) can be used as initial imaging modality to diagnose the biliary obstruction but artifacts due to bowel gas, gall bladder and bile duct calculi, breathing artifacts and obesity brings it down in the list of imaging modality of choice in obstructive jaundice.
With recent advances in MDCT technology enabling faster acquisition in a single breath hold and upgraded software techniques for image reconstruction, MDCT is now more sensitive for determining the preliminary level and cause of obstruction. Due to sub-second acquisition and multiphasic approach, newer studies have further refined the role of MDCT in terms of specific diagnosis and staging of the pathology. Thus, single breath hold, multiphasic, sub centimeter iso-voxel scanning with post processing through volume acquisition, maximum intensity projections (MIPs), and multiplanar reformations (MPR) all help to increase the diagnostic accuracy, which is immensely helpful in a) Differentiating benign from malignant stricture. b) Staging complex biliary malignancies in terms of involvement of biliary confluence, invasion, and encasement of the adjacent major arterial and venous channel rendering it inoperable, as well as regional lymphadenopathy and hepatic metastasis.
Hence, Multiphasic MDCT of the abdomen with pancreatic and venous phase through the hepatic-biliary-pancreatic region is now the accepted worldwide protocol for pancreatico-biliary malignancies.
Magnetic resonance (MR) imaging besides being noninvasive has the advantages of allowing detailed evaluation of the pancreatico-biliary tract with a large field of view (FOV), excellent patient tolerance, and three-dimensional (3D) data sets that can be cholangio-pancreatico graphically displayed. Two unique properties of bile that are exploited to produce MRCP images are its relatively high water content & stasis of bile, in comparison with the blood flowing through adjacent vessels in the portal tract [2 • ], producing projection images like ERCP. Hence, MRCP has virtually replaced ERCP as the primary investigative modality in all cases of obstructive jaundice not requiring early endoscopic intervention.
Method of Evaluation

MRI
In newer MRI machines, with state of the art imaging capability, MRCP can be performed either without the use of contrast agent or with the usage of contrast agent showing biliary excretion.
Non-contrast MRCP
Non-contrast MRCP technique is based on heavily T2 weighted sequence which can be performed in twodimensional (2D) or 3D modes [3 • ]. It shows increased signal from bile and pancreatic duct (PD) fluid and suppresses signal from background tissues such as solid organs and moving blood [4, 5] . The imaging obstacles of long acquisition times and respiratory motion artifacts have largely been overcome with technical innovations such as short-breath-hold T2-weighted acquisitions, parallel imaging, and sophisticated respiratory triggering mechanisms. The parameters we used for non-contrast MRCP sequence in our institute are as follows (Table 1) .
Contrast MRCP
Contrast-enhanced MRCP is based on the principle of selective excretion of liver specific, gadolinium-, and magnesium-based MR contrast media by the liver into the biliary system, in 10-60 min [6] . These excreted contrast media cause T1 shortening of the bile, resulting in hyperintensity on T1w sequences. The liver-specific contrast agents are gadobenate dimeglumine (Gd-BOPTA), gadoxetic acid disodium (gadoxetate disodium, or Gd-EOB-DTPA), and mangafodipir trisodium (Mn-DPDP). In our institute, the most commonly used sequence for contrast MRCP is e-THRIVE (fat-saturated T1 weighted fast gradient sequence), which can be acquired in a single breath hold of 20-22 s, reducing the breathing-related artifact. The main indication of contrast MRCP is in evaluation of biliary leak, which can occur either due to iatrogenic trauma or at the site of anastomosis in case of liver transplantation. Contrast MRCP gives advantage over noncontrast MRCP in determining the exact site of leak and in giving information about the communication of this leak with surrounding collection, if any. However, being gadolinium-based technique, it suffers from the inherent complications related to gadolinium like risk of nephrogenic systemic fibrosis in patients of renal failure and allergic reactions [7] . The other disadvantage is longer scan duration to obtain significant concentration of gadolinium in the biliary system.
Advantage of 3 T Over 1.5 T The signal to noise ratio (SNR) at 3.0 T is twice that at 1.5 T, producing higher-resolution image data sets with reduced acquisition times. The visualization of arborization Normal Anatomy of Pancreato-Biliary System in MRCP (Fig. 1) Bile plays an important role in intestinal absorption. It is secreted by the liver and is transported into the duodenum through the biliary system. There is significant variation seen in the biliary tree, with normal biliary anatomy seen only in 50-60 % of the population. Hence, the basic knowledge of its normal anatomy and its variant is important to differentiate from the pathology. Biliary system consists of intrahepatic and extrahepatic components. The intrahepatic component is formed by various biliary radicles draining the respective hepatic segments. Biliary radicles draining segments V, VIII form right anterior bile duct which is oriented vertically, and biliary radicles draining segment VI, VII form right posterior bile duct which is oriented horizontally. These right anterior and posterior bile ducts combine to form right hepatic duct (RHD). Biliary radicles draining segments II, III, and IV form left hepatic duct (LHD). The LHD and RHD combine together to form the common hepatic duct (CHD). Segment I is drained by separate biliary radicles draining in the angle of RHD & LHD. The extra-hepatic biliary system consists of CHD & common bile duct (CBD). CHD and cystic duct combine together to form the CBD. Both CBD and common hepatic artery are seen anterior to the portal vein, with CBD on the right and hepatic artery on the left. CBD normally measures 5 mm up to 50 years of age and shows an increment of 1 mm per decade. Pancreas is drained by PD which is embryologically derived from the fusion of the ventral duct of Wirsung (major PD) and the dorsal duct of Santorini (minor PD). Non-fusion of these ducts forms most common variant called pancreatic divisum seen in up to 14 % of population. The PD and CBD join together in the medial wall of D2 segment of duodenum forming a common channel. The terminal segments of CBD, PD, and this common channel are surrounded by a smooth muscle, called sphincter of Oddi.
Biliary Calculi
Cholelithiasis is a common cause (Table 2) of acute abdominal pain due to calculus cholecystitis and is one of the main indications for cholecystectomy. Cholelithiasis is twice more common in females than males. 80 % gall bladder calculi are composed of more than 50 % cholesterol and are seen mainly in patients of obesity, diabetes, and undergoing rapid weight loss. The remaining 20 % of calculi are bile pigment calculi mainly seen in patients of hemolytic anemia. Small calculus can cause biliary obstruction by its easy passage into the bile duct, or a recent passage of calculi can lead to benign distal CBD stricture (Fig. 2) . Biliary obstruction can also be caused by a calculus that has impacted in the region of gall bladder neck and causes extrinsic compression of bile duct with resultant obstructive jaundice, this being known as Mirizzi's syndrome. Magnetic resonance cholangio pancreatography is comparable to ERCP for the detection of choledocholithiasis and is superior to CT and USG, as it can detect calculi as small as 2 mm in size, which are seen as filling defects surrounded by T2 hyperintense bile (Fig. 3) . For further characterization of stones, routine T1 and T2 weighted sequences are needed, on which pigmented stones appear hyperintense on T1 as compared to cholesterol stones which appear hypointense. Air bubbles are a common diagnostic pitfall but usually can be differentiated from stones by their smooth, rounded appearance and their tendency to cluster together and rise to the nondependent surface. At CT, biliary calculi can have variable appearance, ranging from highly calcified lamellated radio dense calculi to low-density calculi due to cholesterol content (Fig. 4) . Air bubble can be easily differentiated from calculi on CT depending on its HU value. Local irritation caused by the stone or associated cholangitis may lead to findings of wall thickening, mucosal enhancement, and periductal fat stranding. However, in the presence of mural enhancement possibility of malignancy should be considered [9] .
Benign Biliary Stricture
The major cause of benign biliary stricture is surgical trauma, other causes being gall stone, duodenal ulcer, and chronic pancreatitis. Incidence of post-operative stricture has increased in the recent period due to increase in number of laparoscopic procedures. Post-operative stricture can present month to years after the operation and mainly occurs due to ischemic or direct traumatic injury to the duct. Post inflammatory stricture like in case of choledocholithiasis, due to chronic irritation and inflammation, is seen manly in CBD and is short in length. Stricture due to chronic pancreatitis is seen in the region of pancreatic head and is usually 3-5 cms in length.
The main concern while reporting benign stricture is to differentiate it from malignant stricture. While ERCP has been the gold standard for a long time for evaluation of strictures, a recent study by Park et al. in 2004 found MRCP to be more sensitive than ERCP. Sensitivity, specificity, and accuracy for the differentiation of malignant from benign causes of biliary stricture at MRCP were 81, 70, and 76 % respectively, and at ERCP were 74, 70, and 72 % [9] .
Certain features can differentiate benign from malignant stricture. Features like wall thickness less than 1.5 mm, length of stricture less than 9 mm, and upstream bile duct dilatation of \17 mm are more of suggestive of benign (Figs. 5, 6 ). MRCP finding of a dilated bile duct showing smooth and sudden tapering is diagnostic of postoperative biliary stricture. In addition, MRCP can accurately depict the anatomical level and length of stricture which is helpful in its operative management [10] . CT scan can show complications associated with stricture like cholangitis and associated abscess. Bismuth H [11] ( Table 3) classified post-operative strictures into five types.
Choledochal Cyst
Choledochal cyst is a congenital anomaly involving biliary tree characterized by cystic dilatation of bile ducts manifesting usually after the age of 10 years. Clinically it is difficult to diagnose as most of the patients are asymptomatic. A classical triad of jaundice, pain, and right upper quadrant palpable lump, however, is seen in 30-60 % of patients diagnosed before the age of 10 and in 10 % of the cases diagnosed in adulthood [12] . Many theories exist regarding the patho-physiology of choledochal cyst, but the most accepted one is of anomalous pancreatico-biliary junction (APBJ). ABPJ is found in 10-58 % cases of choledochal cyst (Fig. 7) . Two features are considered responsible for the development of choledochal cyst; a length of more than 15 mm of the common channel formed after the union of PD and CBD outside the wall of duodenum and the angle of union between PD and CBD; both these features allowing reflux of pancreatic juice in the bile ducts causing their ectatic dilatation. Based on these two features, Komi et al. [13] classified APBJ into three types. In Type I, there is a right angle between the ducts, which is sub-classified into type IA (without dilatation) and type IB (with dilatation) of the common channel. In Type II, there is acute angle between the ducts which is also sub-classified into type IIA (without dilatation) and type IIB (with dilatation) of the common channel. Type III unions are defined by more complex patterns of accessory PDs.
Depending on the location and number of choledochal cysts, Todani et al. [14] (Table 4) classified choledochal cyst into five types as follows.
Type I choledochal cyst is the most common type. The complication associated with choledochalcyst is recurrent cholecystitis, choledocholithiasis, pancreatitis, and malignant transformation to cholangiocarcinoma [15] . The role of imaging in choledochal cyst is to localize it, determine its relationship to adjacent structures, to evaluate the complications related to it, and look for any associated biliary tree abnormalities. USG can be used as initial screening modality however it may be difficult to evaluate the bile duct due to bowel gas. On CT, it is seen as large cyst with fluid density in the region of porta communicating with bile duct. MRCP is an extremely useful tool for detection and classification of choledochal cysts (Fig. 8) . It is particularly important in cases of patient with choledochal cysts associated with bile duct stricture, in which ERCP is suboptimal due to nonopacification bile duct distal to stricture [16] .
Gall Bladder Carcinoma
Gall bladder cancer most often occurs in elderly women and is usually associated with gallstones (90 % of cases). Other risk factors include a chronic typhoid carrier state, choledochal cyst, gall bladder polyp, anomalous APBJ, and porcelain gallbladder. About 20 % of patients with porcelain gallbladder develop gallbladder cancer. Gall bladder carcinomas are characterized by local invasion, extensive regional lymph node metastasis, vascular encasement, and Obstructive jaundice can occur either due to invasion of gall bladder mass in the region of porta (Figs. 9, 10 ) or due to metastatic portal lymphadenopathy compressing the bile duct. Morphologically, gallbladder carcinoma can present as a mass completely occupying or replacing the gallbladder lumen, focal, or diffuse asymmetric gallbladder wall thickening or as an intraluminal polypoidal lesion [17] . Mass forming type is the most common, causing obstructive jaundice due to hilar extension [18] .
On contrast-enhanced CT, gall bladder carcinoma is seen as an enhancing mass in the region of gall bladder fossa, asymmetric wall thickening or as an enhancing large ([1 cm) intraluminal polypoidal mass [18] . MDCT with multi-planar reconstruction helps in evaluation of local spread (in liver, hepatic flexure of colon, duodenum) vascular involvement, metastatic lymphadenopathy, and metastasis (liver, peritoneal) which help in staging and determining the resectability of tumor.
Magnetic resonance cholangio pancreatography helps in evaluation of hilar extension of mass forming type of gall bladder carcinoma, which is seen as intrahepatic bile duct dilatation on MRCP sequences. Intraluminal polypoidal type is seen as a lesion arising from the wall of gall bladder casing peripheral filling defect. However, gall bladder calculus can also produce similar filling defect, hence additional T1, T2 W and contrast images are required for confirmation of diagnosis.
Cholangiocarcinoma
Cholangiocarcinoma is a tumor arising from the bile duct epithelium and it can arise from anywhere along the bile duct.
Anatomically cholangiocarcinoma can be classified as [19, 20 • ] 1) Intrahepatic (peripheral) arises from beyond secondorder bile ducts. 2) Perihilar (Klatskin tumors)-arises at the bifurcation of the hepatic ducts involving CHD and biliary ducts up to second-order bifurcation. 3) Extrahepatic-arising from CBD.
Morphologically, according to the Japanese Liver Cancer Group, tumor growth can be described as. 1) Mass-forming (exophytic) 2) Periductal (infiltrating) (Fig. 11) 3) Intraductal (polypoidal) (Fig. 12) 4) Mixed (mass forming and periductal) pattern.
Out of all the types of cholangiocarcinoma, perihilar is the most common type, presenting as jaundice and shows infiltrating pattern. Bismuth and Corlette classified perihilarcholangiocarcinoma (Klatskin tumors) depending on extent of ductal involvement (Table 5) (Fig. 13 ).
Apart from localization of level of obstruction and cause of obstruction, contrast-enhanced CT scan helps in determining the morphological type of cholangiocarcinoma, local spread, vascular involvement and determining stage and resectability of tumor. In cases of cholangiocarcinoma, delayed scan at 10-15 min is particularly important as it is shows delayed enhancement.
Magnetic resonance cholangio pancreatography plays vital role in evaluation of biliary tumors and has replaced ERCP and percutaneous transhepatic cholangiography (PTC) in many centers. The reported sensitivity and specificity of MRCP compared to ERCP for the detection of bile duct malignancy are 81 and 100 % compared to 93 and 94 %, respectively [18] . The main advantage of MRCP over ERCP is that it can evaluate the extent of involvement and the dilated biliary tract beyond the level of obstruction which cannot be evaluated in ERCP due inadequate opacification of biliary tract distal to the obstruction [21, 22] . The main drawback of MRCP over ERCP is that it is only diagnostic.
The main feature of malignant biliary stricture on MRCP is long segment, irregular narrowing of biliary tract with upstream asymmetric dilation. The information which is required in the management of hilar carcinoma is the level of obstruction, extent of involvement, whether the involvement is up to primary or second-order branches and associated choledocholithiasis [23] ; all can be obtained from MRCP images [22] . MRCP provides only endoluminal images from fluid, hence sometimes it could be inadequate to differentiate between benign and malignant stricture. In such cases, conventional T2, T1 W and contrast images give added advantage by visualization of malignant mass, metastasis, and metastatic lymphadenopathy.
Primary Sclerosing Cholangitis
Primary sclerosing cholangitis is an uncommon idiopathic inflammatory condition characterized by fibrosis of the biliary tree. As the disease progresses, it leads tocholestasis and in 49 % of symptomatic patients finally to biliary cirrhosis and liverdamage. The risk of developing cholangiocarcinoma is 10-15 % among primary sclerosing cholangitis patients. Young to middle age males around fourth decade are the most frequently affected. It is strongly associated with inflammatory bowel disease, most commonly ulcerative colitis.
The finding of wall thickening with dilatation of bile duct can be seen in CT however only these findings are not Normal CBD is seen in the region of pancreatic head sufficient for diagnosis of PSC. In normal subjects on MRCP, only the central ducts containing adequate bile can be seen. Peripheral small biliary radicles are not seen as there is insufficient pressure to distend them. Multiple stricturous involvement of central bile ducts in PSC prevents contrast opacification of peripheral bile ducts, producing prune tree appearance on ERCP. However, because of generation of back pressure in these peripheral small bile ducts, they can be appreciated on MRCP giving an added advantage over ERCP. A study done by Fulcher et al. [24] , found sensitivity of 88 % for MRCP as compared to ERCP in diagnosis of PSC.
The characteristic finding of PSC is multiple alternating short segment strictures and slightly dilated intervening bile duct segments leading to bead on string Type IV Tumor involves the secondary and tertiary intrahepatic ducts in both lobes causing bilateral obstruction appearance (Fig. 14) . In addition to this classical finding, formation of mural nodules, thickening of the duct wall, diverticula and webs, although not pathognomonic for primary sclerosing cholangitis, can be observed. Up to 27 % of patients with primary sclerosing cholangitis have diverticula. Being non-invasive modality, it is particularly important for screening of such patients avoiding the complication related to invasive ERCP. Additional conventional T1 and T2 W sequences also help in early diagnosis of the rare complication of cholangiocarcinoma related to PSC.
Pancreatic Head Tumors
Cancer of pancreas is currently the ninth most common malignancy but represent the fourth most common cause of cancer-related death in the United States. In clinical practice, pancreatic tumor is synonymous with adenocarcinoma Although multi-detector CT still plays an important role in local invasion and extent of bile duct obstruction, MRI has an advantage of tissue characterization with respect to few of the tumors like lympho-proliferative disorders (Figs. 15, 16) showing diffusion restriction. The characteristic imaging finding on MRCP is of obstruction leading to dilatation of PD, common bile duct, or both. Dilatation of both ducts leads to double-duct sign (Fig. 17) . Other finding suggestive of malignant cause is irregular narrowing of pancreatic and bile duct in the region of pancreatic head.
Conclusion
In this newer era of imaging where multiple imaging modalities ranging from simple radiograph to most advanced MRI are available, it is the role of radiologist to guide the clinician in selecting the right imaging modality and to answer the questions which are important in patient management. Although ultrasound remains a screening modality for diagnosis of biliary obstruction, it is unable to answer the true extent and cause of obstructive jaundice requiring the use of another imaging modality like CECT and MRCP which scores over ultrasound in the diagnostic accuracy. MRCP can be considered as the new gold standard for the investigation of biliary obstruction and permits reservation of ERCP to patients with a high probability of therapeutic intervention. Fig. 16 a, b , and c T2 weighted fat-suppressed images in axial and coronal planes of the same patient in Fig. 16 
